We evaluated the expression of 2 members of the Syk family, ZAP-70 and Syk, in acute lymphoblastic leukemia (ALL) samples, using data derived from a series of 33 T-ALL and 95 B-lineage adult ALL patients analyzed by oligonucleotide arrays. Of the B-lineage ALL cases, 37 were BCR/ABL ؉ , 10 were ALL1/AF4 ؉ , 5 were E2A/PBX1 ؉ , and 43 carried no known molecular abnormality. ZAP-70 was highly expressed in T-ALL. A high ZAP-70 expression was also found in a proportion of B-lineage ALL, the highest levels being associated with the E2A/PBX1 ؉ group and the lowest with ALL1/AF4 ؉ cases (P < .001). A higher ZAP-70 expression was also observed in the pre-B group (P < .001). Remarkably, Syk expression was always preserved, suggesting that ZAP-70 expression is not substitutive of Syk. At the protein level, ZAP-70 was evaluated on 39 newly diagnosed ALL patients (25 adults, 14 children) and was detected in 23 cases (59%). ZAP-70 expression was consistently found in Ig ؉ cases. Evaluation of long-term outcome in cases without molecular abnormalities showed that the higher levels of ZAP-70 were coupled to a higher relapse rate. In ALL, ZAP-70 expression is associated with the E2A/PBX1 rearrangement and pre-B stage and may have a prognostic role and be a candidate molecule for targeted therapies. (Blood. 2006;107: 197-204) 
Introduction
The zeta-associated protein (ZAP) is a 70-kDa molecule associated with the chain of the CD3 receptor complex of the lymphocyte population 1 and belongs to the Syk (spleen tyrosine kinase) family of tyrosine kinases. ZAP-70 plays an important role in signaling initiation, activation, and phosphorylation of multiple downstream targets. Briefly, after T-cell receptor (TCR) ligation, activation of Src kinase occurs and induces activation of the immune receptor tyrosine-based activation motifs (ITAMs). 1, 2 This process eventually leads to the recruitment and activation of ZAP-70, which in turn activates several downstream targets, such as phospholipase C␥/Ca ϩϩ signaling pathway and the mitogen-activated protein kinase (MAPK) kinase pathway. 3 A similar pathway is sustained in B cells by Syk: activation of the B-cell receptor (BCR) induces rapid phosphorylation of ITAMs of Ig␣ and Ig␤. Once phosphorylated, ITAMs recruit Syk, thus inducing its phosphorylation and the activation of several downstream targets. 4 Historically, ZAP-70 has been considered a tyrosine kinase exclusively associated to the T and natural killer (NK)-cell compartments. 1 The role of the ZAP-70 molecule in B-cell development has been recently established in a mouse model. 5 This has shown that this protein is also expressed in B-lineage cells and that it appears to play a role in their early development and, in particular, during the pro-B to pre-B transition stage. This becomes evident in the absence of Syk. The study by Schweighoffer et al 5 demonstrated functional redundancy between these 2 kinases and also showed that the absence of both kinases, and not only Syk, is necessary to block pre-BCR-induced events, such as differentiation into pre-B cells, cell proliferation, and heavy chain allelic exclusion.
In the present study, we sought to evaluate the expression of ZAP70 and SYK in acute lymphoblastic leukemia (ALL), using data derived from a series of 128 adult ALL patients evaluated by oligonucleotide arrays and by the quantification of the protein levels. Our results indicate that ZAP70 is, as expected, highly expressed in T-ALL but also in different amounts in B-lineage ALL and that the expression of this gene is strongly correlated with the E2A/PBX1 rearrangement. Moreover, our results indicate that in B-lineage ALL, the levels of ZAP70 expression increase along with the maturation process of the leukemic cell. In fact, evaluation of ZAP70 through oligonucleotide arrays showed that the lowest levels of expression are found in pro-B cells and the highest levels at the pre-B stage. Finally, stratification of ALL patients without known molecular aberrations on the basis of the degree of mRNA ZAP70 expression allowed for the definition of 2 groups with a different outcome, a shorter survival being associated with a higher expression of this molecule.
Patients, materials, and methods

Patient characteristics
One hundred twenty-eight adult patients with a diagnosis of ALL were studied at the onset of the disease. All patients were enrolled in the Italian multicenter clinical trial GIMEMA (Gruppo Italiano Malattie Ematologiche dell'Adulto) 0496 and gave their informed consent for biologic studies according to the Declaration of Helsinki. The study was approved by the Institutional Review Board of the Department of Cellular Biotechnologies and Hematology, University "La Sapienza" of Rome. After diagnosis, leukemic cells were collected and isolated by density gradient centrifugation over Ficoll-Hypaque (Pharmacia, Uppsala, Sweden). After isolation, samples were cryopreserved in liquid nitrogen at our Institution in Rome. All samples contained more than 90% leukemic cells. In agreement with the protocol guidelines, all samples were extensively characterized for immunophenotypic, cytogenetic, and molecular features. Follow-up data were collected at our Institution.
mRNA expression of ZAP70 and p72-SYK genes
For oligonucleotide array analysis, cryopreserved leukemia cells were rapidly thawed and total RNA was extracted using the TRIzol reagent (Gibco, Grand Island, NY) and further purified using the SV total RNA isolation system (Promega, Madison, WI), with minor modifications. Two microliters (L) of total RNA was electrophoresed on agarose gels to assess RNA quality. HGU95aV2 gene chips (Affymetrix, Santa Clara, CA) were used to determine gene expression profiles. The detailed protocol for sample preparation and microarray processing is available on the manufacturer's website. 6 Affymetrix U95Av2 gene expression data were processed and analyzed with dChip, 7 which uses an invariant set normalization method where the array with median overall intensity was chosen as the baseline for normalization. Model-based expressions were computed for each array and probe set using the perfect match-mismatch (PM-MM) model. 8 For the analysis of the previously published data from Yeoh et al, 9 CEL files were obtained from the St Jude's website, 10 imported, and processed in dChip. Also in this analysis, model-based expressions were computed for each array and probe set using the PM-MM model.
Statistical analysis
Statistical analyses on ZAP70 and SYK expression data were performed using a free software, StatCrunch. 11 Group comparisons were performed using either a 2-sample test or analysis of variance (ANOVA), and correlation analysis was evaluated using the Pearson coefficient. Box plots were generated using the same program.
For comparison between high versus low ZAP70-expressing samples, an ANOVA method was applied. The ANOVA method is provided by R language 12 and included in dChip. From this analysis, probe sets with a nominal P value less than .005 were retained.
Survival curves were estimated by the Kaplan-Meier method and the differences were compared by the log-rank test, using the package SAS (SAS Institute, Cary, NC). The cut point for categorizing ZAP70 was chosen on the basis of the quantiles of the observed distribution of the variable, considering "high expression" as the range defined by the 20% highest values of ZAP70.
PCR
Polymerase chain reaction (PCR) was performed on cDNA of 3 selected E2A/PBX1 ϩ samples and 3 ALL1/AF4 ϩ samples, as well as on 3 samples of purified B cells obtained from the peripheral blood of healthy donors. Positive and negative controls were represented by cDNA derived from the Jurkat and Raji cell lines, respectively.
cDNA was generated using the Advantage reverse transcriptase (RT) for PCR Kit (BD Biosciences, Palo Alto, CA), starting from 1 g of total RNA, and resuspended in a final volume of 100 L of water according to the manufacturer's instructions. PCR reactions were performed as follows: 1 cycle of denaturation at 94°C for 2 minutes, 35 cycles of amplification at 94°C for 1 minute, 60°C for 1 minute, 72°C for 1 minute, and a final extension at 72°C for 10 minutes. For evaluation, the following primers were used: ZAP70 forward (F), 5Ј-ATG TGC GCT TCC ACC ACT TTC-3Ј; ZAP70 reverse (R), 5Ј-AC GTC TGG CGC ACG TAG TCA-3Ј; GAPDH F, 5Ј-TGA TGA CAT CAA GAA GGT GGT GGT GAA G-3Ј; and GAPDH R, 5Ј-TCC TTG GAG GCC ATG TGG GCC AT-3Ј.
Leukemic samples were positively selected using the CD19 human microbeads (Miltenyi, Bergisch Gladbach, Germany), according to the manufacturer's instructions, thus achieving a purity over 99%. For healthy donors, a further separation step was performed: samples were first depleted for CD2 (Miltenyi) and, after an overnight incubation at 37°C and 5% CO 2 , cells were positively selected for CD19.
Flow cytometry
Mononuclear cells were stained with fluorochrome-conjugated monoclonal antibodies and analyzed by flow cytometry (FACSCalibur; Becton Dickinson, San Jose, CA). B-lineage leukemic cells were characterized for the surface expression of CD45, CD38, CD10, CD19, CD20, CD22, CD34, CD13, CD33, HLA-DR, CD133, and CD66c antigens (Becton Dickinson; Beckman Coulter, Fullerton, CA). After fixation and permeabilization (Fix and Perm; Caltag Laboratories, Burlingame, CA), leukemic cells were evaluated for the intracytoplasmic and nuclear expression of CD79a, IgM, and TdT.
ZAP-70 protein detection
ZAP-70 protein expression was evaluated on mononuclear cells, after fixation and permeabilization, using an immunocytochemical method. All B-lineage ALL patients evaluated expressed intracytoplasmic CD79a, surface CD19, and nuclear TdT antigens. Cytospins were prepared with a concentration of 5 ϫ 10 4 cells per slide, air-dried overnight, wrapped in aluminum foil, and stored at Ϫ20°C until immunostaining. The unconjugated anti-ZAP-70 clone 2F3.2 (Upstate Biotechnology, Waltham, MA) monoclonal antibody used for the immunocytochemical detection was used at a concentration of 1:60. The immunocytochemical reaction was performed with the immunoperoxidase technique using Dako (Carpinteria, CA) reagents, as previously described. 13 Again, positive and negative controls were represented by the Jurkat and Raji cell lines, respectively. The proportion of ZAP-70 ϩ cells was evaluated by light microscopy with oil immersion (original magnification ϫ 1000) examining 500 cells per sample. Cases were considered as ZAP-70 ϩ if at least 20% of the mononucleated cells were positive.
Results
Patient characteristics
Of the 128 patients analyzed, 33 samples were of T-cell origin and 95 were represented by B-lineage ALL. Within the B-lineage group, further immunophenotypic characterization showed a pro-B stage in 21% of cases, whereas 54% were considered as common ALL (CD10 ϩ ) and 25% were pre-B ALL. From a molecular standpoint, 37 samples were BCR/ABL ϩ , 10 carried an ALL1/AF4 rearrangement, 5 harbored an E2A/PBX1 rearrangement, and 43 samples did not carry any known molecular abnormality. 14, 15 ZAP70 mRNA expression is associated with E2A/PBX1 rearrangements Our first approach aimed at evaluating ZAP70 expression in the 128 samples analyzed by oligonucleotide arrays. As shown in Figure 1 , ZAP70 was found at significantly higher levels in T-ALL cases compared with B-lineage ALL (average values 752 Ϯ 268 and 309 Ϯ 105; P Ͻ .001). However, a proportion of B-lineage ALL also showed high levels of ZAP70. As shown in Figure 2A , the highest expression levels of ZAP70 were detected in samples carrying the E2A/PBX1 rearrangement, as opposed to samples positive for the ALL1/AF4 and BCR/ABL rearrangements and to cases without known molecular aberrations. In fact, all 5 E2A/ PBX1 ϩ samples had high levels of ZAP70 expression, whereas the lowest values of expression were found in the ALL1/AF4 ϩ cases (P Ͻ .001). The percentage of T-cell contamination was not different in E2A/PBX1 ϩ cases compared with non-E2A/PBX1 ϩ B-lineage ALL cases (median CD2 expression 4.5% and 4%, respectively). The above findings were further validated by examining previously published data from Yeoh et al 9 in a large pediatric ALL cohort (P Ͻ .001; Figure 2B ).
ZAP70 is expressed in B cells of E2A/PBX cases
Since ZAP70 is strongly expressed in normal T cells, we validated, on an additional series of samples, the results obtained by oligonucleotide arrays by performing PCR analyses on 3 E2A/ PBX1 ϩ samples, 3 ALL1/AF4 ϩ samples, as well as on purified CD19 ϩ cells from 3 healthy donors and on the Jurkat and Raji cell lines. As expected, ZAP70 was found expressed in the Jurkat T-cell line, but not in the Raji B-cell line, and in the CD19 ϩ cells from the peripheral blood of 3 healthy controls; conversely, ZAP70 was expressed in all the E2A/PBX1 ϩ cases but in only 1 ALL1/AF4 ϩ sample, confirming that this tyrosine kinase is preferentially expressed in cases carrying the E2A/PBX1 rearrangement. These findings are also consistent with a recent report that highlighted the absence of ZAP70 in peripheral blood B lymphocytes 16 (Figure 3 ).
ZAP70 is expressed in cells that are undergoing maturation
Since ZAP70 was found more highly expressed in E2A/PBX1 ϩ cases and at low levels in the ALL1/AF4 ϩ cases, this suggested that this protein may undergo changes in its expression during the maturation process, specifically increasing from the pro-B to pre-B stage. In fact, it is well established that ALL1/AF4 ϩ cases are arrested at a pro-B stage, 17 whereas the majority of E2A/PBX1 ϩ cases have a pre-B phenotype. 18 In order to validate this hypothesis, 2 approaches were used. First, samples were subdivided into 3 groups according to their degree of differentiation (pro-B, common, and pre-B ALL) and independently of molecular alterations. As shown in Figure 4A -B, the highest levels of expression were detected in the pre-B group (P Ͻ .001); this finding remained significant also when E2A/PBX1 ϩ and ALL1/AF4 ϩ cases were excluded (P ϭ .005). Second, we evaluated the expression of ZAP70 in relation to 2 maturative antigens, CD20 and Ig chain. The degree of correlation between CD20 mRNA and protein levels evaluated by the Pearson correlation coefficient was 0.67, showing a good concordance between these 2 techniques. Samples were divided according to CD20 antigen expression (20% cut-off on the cell surface): 42% were positive and 58% were negative. The average levels of ZAP70 mRNA expression were 339.53 Ϯ 105.78 in CD20 ϩ samples and 297.97 Ϯ 104.93 in CD20 Ϫ samples. However, this difference did not reach statistical significance (P ϭ .095). 
org From
The degree of correlation between Ig mRNA and protein expression was very poor, reflecting the fact that this transcript is always present at the RNA level in B-lineage ALL samples. Samples were stratified according to the Ig protein expression (8% cut-off): 28% were positive and 78% were negative. The average levels of ZAP70 expression were significantly higher in Ig ϩ samples (443.16 Ϯ 105.21) than in Ig Ϫ samples (294.05 Ϯ 95.52; P ϭ .002).
Comparative analysis between high versus low ZAP70 expression samples
Next, we examined if, within the samples that did not carry any known molecular abnormality, ZAP70 expression was associated with a different pattern of gene expression. Of the 43 samples that carried no known molecular abnormality, 2 samples were excluded because they showed by comparative genomic hybridization (CGH) analysis a gain of chromosome 1q and 1q23, respectively, and by gene expression analysis a profile that was strongly associated to that of E2A/PBX1 ϩ samples. 19 Of the 41 cases analyzed, 8 had high levels and 33 had low levels of ZAP70 expression.
Seventy-five probe sets corresponding to 73 genes were selected by ANOVA with a P value cut-off less than .005. All but one gene were more highly expressed in the "ZAP70 high" group ( Figure 5 ). The genes highly expressed in samples with high levels of ZAP70 can be functionally subdivided in the following categories: (1) Finally, we sought to evaluate if ZAP70 mRNA expression in ALL patients was associated with a different clinical outcome. Considering the strict association of specific molecular aberrations (namely BCR/ABL, ALL1/AF4, and E2A/PBX1) with a very poor prognosis, this analysis was performed exclusively on the 43 samples that did not carry any molecular abnormality. As previously mentioned, all patients were enrolled in the Italian multicenter clinical trial GIMEMA 0496 and thus were uniformly treated. Of the 43 patients, 5 cases were not evaluable for long-term follow-up for the following reasons: 1 patient was refractory to induction chemotherapy, 2 patients died during induction chemotherapy, and 2 For personal use only. on January 22, 2018. by guest www.bloodjournal.org From For personal use only. on January 22, 2018. by guest www.bloodjournal.org From patients were lost to follow-up. Of the 2 patients who carried the gain of chromosome 1q, one died during induction chemotherapy and the other was lost to follow-up; both patients were therefore excluded from this analysis. The remaining 38 patients were evaluable for long-term outcome: 12 patients were in continuous complete remission (CCR) with a median follow-up of 61 months from achievement of complete remission (CR; range, 29-122 months), whereas the remaining 26 experienced a relapse or death within a median period of 12 months (range, 2-69 months). Samples were stratified into 2 groups according to ZAP70 mRNA expression. Using a cut-off level of normalized expression values based on the 80th percentile of the distribution (equal to 351), we could document an association between higher expression of ZAP70 and worse outcome (Figure 6 ; P ϭ .045).
SYK mRNA expression in ALL
As stated in the "Introduction," ZAP70 belongs to the family of spleen tyrosine kinases, of which SYK is one of the most important members. In order to establish if SYK was replaced by ZAP70, we evaluated the expression levels of Syk in this series of samples. As expected, Syk expression was significantly higher in B-lineage ALL cases as opposed to T-ALL (283.42 Ϯ 106 and 210.03 Ϯ 68, respectively; P Ͻ .001). Again, the highest levels of expression of SYK were found in the E2A/PBX1 ϩ group as well as in pre-B ALL and the lowest in the samples with the ALL1/AF4 rearrangement and in the pro-B cases. However, this difference did not reach statistical significance when evaluated by ANOVA, strengthening the notion that this kinase is indeed expressed in all B cells, regardless of the molecular aberrations and maturative stage (data not shown).
ZAP-70 protein detection
Given the results obtained by gene expression analysis, we further validated our data on an independent set of 39 ALL cases, comprising 25 adults and 14 children. ZAP-70 protein-positive cells, evaluated using an immunocytochemical method, were found in 23 (59%) of 39 cases. Also at the protein level, we found that 7 of 8 pre-B ALL Ig ϩ samples were ZAP-70 ϩ (5/6 pre-B ALL and 2/2 mature B-ALL). In contrast, only 3 of 6 pro-B ALL samples were positive at the ZAP-70 protein level. Fifteen patients (47%) were CD20 ϩ , of these, 10 (66%) were also ZAP-70 ϩ . When samples were subdivided by molecular rearrangements, 0 of 3 ALL1/AF4 ϩ samples analyzed expressed the ZAP-70 protein; the only sample harboring the E2A/PBX1 rearrangement was positive for ZAP-70, as well as 5 of 10 BCR/ABL ϩ cases and 14 of 22 cases without known molecular abnormalities (Table 2) . Follow-up data were not available because of the short period of clinical observation.
Discussion
The role of ZAP-70 in T-cell function is well established [1] [2] [3] and in the previous years this molecule was considered to be T-cell specific. More recent data have also documented a role of ZAP-70 in B cells. 5 In the present study, we assessed the expression of ZAP70 in ALL samples, taking advantage of the opportunity of analyzing data derived from a previous study on gene expression profiling in a large cohort of 128 adult ALL patients studied at the onset of the disease. 19 The results obtained indicate that ZAP70 is more strongly expressed in T-ALL samples compared with Blineage ALL samples. This is in line with the biologic role of For personal use only. on January 22, 2018. by guest www.bloodjournal.org From ZAP-70, which is a tyrosine kinase previously known to be T-lymphocyte specific and involved in T-cell signaling and activation. Nevertheless, we could also document that ZAP70 is expressed in a set of samples with B-lineage ALL, which accounts for about 40% to 50% of the whole population. These results are in line with 2 recent reports indicating that ZAP-70 expression is not limited to chronic lymphocytic leukemia (CLL) but can also be found in other hematologic malignancies, such as precursor B-cell ALL, mantle-cell lymphoma, diffuse large B-cell lymphoma, and Burkitt lymphoma. 20, 21 In B-lineage ALL, our data show that ZAP70 is preferentially expressed in cases carrying the E2A/PBX1 rearrangement; the availability of previously published experimental data allowed us to validate this finding also in pediatric ALL cases. 9 Furthermore, our data clearly indicate that ZAP70 expression increases along with the differentiation and maturation process of the B-cell population. In fact, ZAP-70 was always expressed in pre-B ALL cases, both at the mRNA and protein levels, and was also found at the protein level in the B-mature ALL cases analyzed. These results strengthen the data previously reported in mice, indicating that ZAP70 plays a role in the process of pro-B to pre-B transition; its absence, combined with the absence of SYK, arrests the cells at the pro-B stage and induces a blockage of several pre-BCR-induced events, such as differentiation into pre-B cells, cell proliferation, and heavy chain allelic exclusion. 5 In our series, another set of patients expressed ZAP70: roughly 50% of cases with common ALL were in fact positive at the protein level. Similarly, ZAP70 was also expressed in a set of pro-B cases, suggesting a maturative impairment that is often detected in acute leukemia. Interestingly, a supervised analysis performed exclusively on the samples without molecular abnormalities, aimed at comparing cases expressing high versus low levels of ZAP70, identified 75 genes differentially expressed between these 2 groups. Among the genes highly expressed in samples with high levels of ZAP70, it is of interest to underline the presence of a subset of genes that are usually associated to T cells and to T-cell activation. We exclude a contamination with residual T cells because of the stringent selection criteria and because reevaluation of immunophenotypic analysis did not reveal the presence of contaminating T lymphocytes. Moreover, among the genes selected with available chromosomal annotation, 11.4% resided on chromosome 2q, where ZAP70 is also located. Further studies are required to better evaluate if this region may be involved in the leukemogenic process.
We also evaluated SYK expression and found that this tyrosine kinase is more highly expressed in B-lineage ALL than in T-ALL. Similarly to ZAP70, this kinase showed higher levels of expression in the E2A/PBX ϩ cases and a lower degree of expression in ALL1/AF4 ϩ cases. This finding leads to 2 considerations. First, in leukemic cells these 2 kinases are both expressed and therefore are not mutually exclusive. Second, the concurrent expression of both kinases may predispose the leukemic cells to a proliferative advantage. This hypothesis is supported by recent data showing that in CLL, after BCR ligation, cells that express ZAP-70 have increased levels of phosphorylated p72 Syk , BLNK, and PLC␥ and an increase in intracellular Ca 2ϩ . 22 Furthermore, evidence that this effect is dependent on ZAP-70 expression is provided by infection studies with an adenovirus vector encoding this protein. 23 Evaluation on long-term clinical outcome was feasible only on data derived by oligonucleotide arrays, mostly because the follow-up for patients evaluated at the protein level is at present too short. As previously reported, this analysis was performed exclusively on samples without molecular aberrations because of the strong impact on prognosis sustained by the known molecular abnormalities. Our data indicate that ZAP70 expression correlates with a shorter relapse-free survival after achievement of CR, although a cut-off value with strong statistical significance could not be identified due to the limited number of cases evaluated. These findings are similar to the results obtained in CLL, where in fact high levels of ZAP-70 expression have been detected in patients with an unmutated status of the Ig variable region genes (IgV H ), who are usually characterized by a more aggressive clinical course and often require therapeutic intervention. [24] [25] [26] [27] [28] ZAP-70 has raised great interest in CLL patients because it represents a powerful prognostic marker. [29] [30] [31] [32] [33] Our results provide preliminary indication on the potential use of this protein as a prognostic marker also in ALL. Evaluation of a larger series of patients is needed to further validate this finding.
Finally, the discovery of tyrosine kinases that can be used as therapeutic targets is raising great interest. Since the introduction of STI-571 (imatinib), the outcome of patients with chronic myeloid leukemia (CML) and, probably, also of those suffering from BCR/ABL ϩ ALL rearrangement, has improved. 34 At present, in fact, roughly 90% 35, 36 of CML patients who receive imatinib as a single drug achieve major clinical and complete cytogenetic responses. 37, 38 In Philadelphia chromosome-positive (Ph ϩ ) ALL, the association of imatinib with polychemotherapeutic regimens has resulted in an improved CR rate, disease-free survival, and overall survival. 39, 40 Similarly, the use of epidermal growth factor receptor (EGFR) inhibitors in patients with lung cancer carrying a mutation in the sequence of this receptor has improved the outcome in these patients. 41, 42 These results clearly show that ZAP-70 may indeed be a therapeutic target. ZAP-70 expression in a subset of patients with ALL opens the perspective of investigating the use of an inhibitor also in such cases.
In conclusion, our results provide evidence that in B-lineage ALL ZAP70 expression increases along the maturative process of B lymphocytes and that particularly high levels are associated with the E2A/PBX1 rearrangement. Furthermore, a high mRNA expression of ZAP70 appears to correlate with an increased relapse rate. Finally, these results raise the possibility of designing new compounds targeting this protein.
